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PROTECTION AND TREATMENT AGAINST
INFLUENZA INFECTION

CROSS REFERENCES TO RELATED
APPLICATIONS

This application claims priority from U.S. Provisional
Application Ser. No. 61/595,756 filed on Feb. 7, 2012, which
is incorporated herein by reference in its entirety.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH

This invention was made in part with Government support
under Grant Nos. ROl AT070654, RO1 AI11772, and 1F32
Al078672-01A1 awarded by the National Institutes of
Health. The Government has certain rights in the invention.

FIELD OF THE INVENTION

This invention relates to influenza viral infection, and
methods of prevention and treatment.

BACKGROUND OF THE INVENTION

Influenza has been the cause of yearly epidemics and glo-
bal pandemics throughout history. The influenza virus has
only eleven (11) genes, in which the multifunctional Non-
Structural-1 protein (NS1) is one of 11 proteins encoded by
influenza A virus (Lamb 2001; Hale et al. 2008) and is known
to be indispensable for virulence. NS1 interacts with several
viral and host components to subvert cellular defense mecha-
nisms and promote viral replication via two domains: an
N-terminal RNA-binding domain (RBD) and an effector
domain (ED), both of which can multimerize (Hale et al.
2008). The RBD binds dsRNA, a common viral replication
intermediate, thereby preventing dsRNA-dependent activa-
tion of multiple host viral defense pathways (Talon et al.
2000). The ED sequesters multiple host proteins required for
cellular mRNA maturation and export and factors controlling
apoptosis (Hale et al. 2008). These functions of NS1 benefit
the virus by inactivating translation of new antiviral compo-
nents, recruiting host translation machinery so that they can
be utilized preferentially for viral mRNA translation, and
extending host cell viability to ensure sufficient viral matu-
ration can occur.

Most interactions between the influenza NS1 protein and
its host targets have been identified in isolated cells grown in
culture for which the assays are typically cell autonomous
(e.g., viral replication, altered host gene expression). Novel
targets of NS1 that might be involved in cell-cell communi-
cation were identified using Drosophila melanogaster, a
well-developed genetic system for analyzing conserved sig-
naling pathways (Reiter et al. 2001; Bier 2005) and for elu-
cidating interactions between host and pathogen encoded
proteins (Bier and Guichard 2012; Hughes et al. 2012). Dueto
the high degree of sequence conservation between disease
genes in humans and flies, Drosophila can serve as a powerful
yet inexpensive multicellular host model to study how influ-
enza proteins interact with cellular components to manipulate
the host. In contrast, most studies of viral factors have relied
primarily on cell culture studies which are not well suited for
identifying cell-cell interactions.

The Hedgehog (Hh) (Jiang and Hui 2008) and Notch (N)
(Fortini 2009; Kopan and Ilagan 2009) signaling pathways
play central roles in growth and development (Dufraine et al.
2008; Klusza and Deng 2011), tissue repair (Crosby and
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Waters 2010), and adult immune responses (Crompton et al.
2007; Ito et al. 2012) of vertebrates and invertebrates. In the
Drosophila wing primordium (or wing disc), Hh is secreted
from cells in the posterior compartment and binds to the
Patched (Ptc) receptor, resulting in phosphorylation and sur-
face accumulation of the seven pass transmembrane domain
protein Smoothened (Smo) in a stripe of cells in the anterior
compartment (referred to as the central organizer) (Hooper
and Scott 2005). Activated Smo in turn recruits Costal-2
(Cos-2) to the plasma membrane, disrupting an inhibitory
complex with the transcription factor Cubitus interruptus (Ci;
Gli in mammals), thereby stabilizing and activating the full
length Ci-155 protein (Wilson and Chuang 2010). In the
absence of Hh signaling, microtubule associated Cos-2 pro-
motes Ci-155 phosphorylation via cAMP-dependent Protein
Kinase A (PKA) and other kinases, resulting in partial pro-
teolysis of Ci-155 to a N-terminal repressor (Ci-75) that
silences a subset of Hh target genes (Hooper and Scott 2005).

Notch signaling is required for a variety of binary cell fate
decisions in many developmental contexts including specifi-
cation of the dorsal-ventral compartment border in the Droso-
phila wing primordium (Irvine and Vogt 1997). When acti-
vated by the Delta or Serrate ligands, the Notch receptor
undergoes a series of cleavage events leading to the genera-
tion of a free intracellular domain (N-ICD) (Fortini 2009;
Kopan and Ilagan 2009). N-ICD forms a complex with the
Suppressor of Hairless (Su(H)) protein, enters the nucleus,
and acts a transcriptional cofactor to regulate Notch target
gene expression.

There are very few effective drugs to treat influenza infec-
tion and these drugs (e.g., TAMIFLU) act on highly mutable
extracellular proteins that function in the late phase of viral
escape from the cell. Also, viral surface proteins which are the
main targets for vaccines mutate rapidly to evade suppres-
sion. The fact that NS1 is involved in the pathogenicity of
influenza A viruses makes it a good target to attenuate these
viruses. Several studies demonstrated that influenza viruses
with partial deletions in NS1 proteins are attenuated and do
not cause disease, but induce a protective immune response in
different species including mice (Hai et al. 2008; Talon et al.,
2000), pigs (Solorzano et al, 2005; Vincent et al. 2007), horses
(Quinlivan et al.,, 2005), birds (Steel et al., 2009) and
macaques (Baskin et al., 2007). Although it had been known
for more than a decade that influenza viruses with partial
deletions in NS1 proteins were attenuated, all but one (Gar-
cia-Sastre et al. 1998) NS1 truncation variants of influenza A
viruses were generated by mutagenesis. Wang et al. (2008)
later demonstrated that the naturally truncated variant (Gar-
cia-Sastre et al. 1998) had propensity to generate new variants
when passaged in ovo (Wang et al., 2008). The new variants
were excellent live-attenuated influenza vaccine candidates
(Wang et al., 2008). The ability to attenuate influenza viruses
by truncation of the NS1 protein presents a great approach in
design and development of the next generation live-attenu-
ated influenza vaccines for both poultry and humans.

A significant source of mortality associated with influenza,
particularly for highly virulent strains is an overly active host
immune response often referred to as a cytokine storm.
Cytokine storms lead to toxic-shock like symptoms and can
be fatal. Agents that block cytokine storms associated with
influenza or other diseases (e.g., acute allergies) could be a
significant therapeutic value. Since many of the patients who
secumb to highly virulent forms of influenza are young and
otherwise healthy individuals, this target population may
benefit most from therapies aimed at suppressing cytokine
storms.
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Knowledge of new host signaling responses to viral infec-
tion can lead to therapies targeted to these interactions. These
treatments can be effective at suppressing the pathogenesis of
many different strains of flu unlike vaccines which typically
target only a few strains and require constant reformulation
since the virus can evade host antibodies. There is a need to
develop a new therapeutic approach for preventing and/or
treating influenza through inhibiting influenza infection.

SUMMARY OF THE INVENTION

The invention provides a method for inhibiting influenza
viral infection comprising administering to a subject in need
an effective amount of a composition comprising a pharma-
ceutically acceptable carrier and a compound that modulates
at least one host protein that interacts with NS1 viral protein,
thereby altering at least one essential host signaling pathway
selected from a Hedgehog (Hh) signaling pathway, a Bone
Morphogenetic Protein (BMP) signaling pathway, and a
Notch (N) signaling pathway, and combinations thereof. The
invention provides a novel intracellular target that is known to
play an essential role in virulence of seasonal as well and
highly virulent forms of influenza. More specifically, the
invention identifies a novel activity of the NS1 protein
involved in regulating the essential host signaling pathways,
e.g., Hh, BMP, or N signaling pathways, and combinations
thereof, and thus, provides an effective approach for prevent-
ing and treating influenza viral infections.

In certain embodiments, the compound modulates the
Hedgehog (Hh) signaling pathway, and the compound is an
antagonist or inhibitor of the Hedgehog (Hh) signaling path-
way. In certain embodiments, such Hh antagonist is cyclo-
pamine or vismodegib. In other embodiments, due to vari-
ances of influenza viral strains, the significant differences in
NS1 activities and associations with these essential signaling
pathways in different host species, such as invertebrates vs.
vertebrates, the compounds encompassed in the invention can
also be an effective agonist or stimulator of the Hh signaling
pathway.

In other embodiments, the compound modulates the Bone
Morphogenetic Protein (BMP) signaling pathway, and the
compound is an antagonist of the BMP signaling pathway. In
other embodiments, due to variances of influenza viral
strains, the significant differences in NS1 activities and its
associations with these essential signaling pathways in dif-
ference host species, such as invertebrates vs. vertebrates, the
compounds encompassed in the invention can also be an
effective agonist or stimulator of the BMP signaling pathway.

In yet other embodiments, the compound modulates the
Notch (N) signaling pathway, said compounds including an
extracellular modulator influencing binding or activation of
Notch by its ligands, inhibitors of Notch activation by mem-
brane proteases such as gamma-secreates (e.g. DBZ), a cyto-
plasmic modulator influencing signal transduction steps after
receptor activation, or a nuclear modulator influencing a tran-
scriptional activity of Notch-CSL protein complex.

In certain embodiments, the composition of the invention
can be used either alone or in combination with one or more
other therapeutic agents, such as TAMIFLU, known for pre-
venting or reducing severity of influenza viral infection, and
associated syndromes thereof. The composition of the inven-
tion can be supplied as pills, inhalers, or sealed sterile vials to
be parenterally administered or added to intravenous solu-
tions to preventatively treat patients that are likely to have
been exposed to influenza infection, or as a treatment to
reduce the severity of infection for patients who are suspected
or known to be infected by the virus.
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A method is also provided for inhibiting influenza viral
infection comprising modulating at least one host protein that
interacts with NS1 viral protein, thereby altering at least one
essential host signaling pathway, including, but not limited to,
a Hedgehog (Hh) signaling pathway, a Bone Morphogenetic
Protein (BMP) signaling pathway, or a Notch (N) signaling
pathway, and thereby inhibiting influenza viral infection. In
certain embodiments, the modulating step comprises admin-
istering an infection inhibiting amount of a compound that
interferes a Hedgehog (Hh) signaling pathway, a Bone Mor-
phogenetic Protein (BMP) signaling pathway, or a Notch (N)
signaling pathway.

The invention also provides methods of screening for such
effective candidate compounds that are inhibitors of influenza
infections as well as methods for the manufacture of a medi-
cament for the same beneficial inhibitory activity. Methods
for screening for an effective candidate compound are well
known in the art. An exemplary screening method includes
administering candidate compounds to Drosphila larvae
from strains expressing an NS1 transgene and screening for
individuals with reduced wing phenotypes deriving from the
effects of NSI1. Another exemplary screening method
includes expressing NS1 in Drosophila cell lines (e.g. S2
cells) carrying fluorescent Hh or N reporter constructs (e.g.,
GFP or luciferase) and then screening for compounds that
reduce the effect of NS1 in such cells.

These and other inventions and variations will be apparent
to one of skilled in the art in view of the present disclosure.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1: NS1 enhances dpp expression and Dpp signaling in
the fly. (A) A wild type wing with longitudinal veins labeled
L2-L5, M=margin. (B, C) The distance between the 1.3 and
L4 veins increases in wings expressing NS1 along the A/P
border with the ptc-GAL4 driver (B, double arrow) or the
ubiquitous C765-GAL4 driver (C), which is further exagger-
ated by two copies of NS1 (D) (brackets in C and D). In C and
D, notches are also present along the margin (arrows). Wild
type discs (E,G,I) or wing discs expressing NS1 under the
control of the ubiquitous 71B-GAL4 (F, H), C765-GAL4 (J),
or ptc-GAL4 (K,L) drivers stained with antibodies to visual-
ize dpp-lacZ expression (E,F,K), phospho-Smadl(G,H,L),
Spalt (I, J), or the Myc epitope tag (L.). Ubiquitous expression
of NS1 leads to elevated expression of dpp-lacZ (F vs. E),
stronger and broadened pMAD expression (H vs.G), and
expanded expression of the Dpp target gene Spalt (J vs. I).
Restricted expression of NS1 along the A/P border (detected
by the C-terminal Myc tag) also results in enhanced dpplacZ
expression (K, vs. E) and pMAD staining in cells neighboring
the A/P border (L vs. G). In all figures of wing discs, dorsal is
up, anterior is to the left. White lines indicate the A/P border.

FIG. 2: NS1 alters the activity of Drosophila Ci and mam-
malian Glil. Wing discs expressing the indicated transgenes
driven by 71B-GAL 4 were stained for dpp-lacZ (A-F,G', I, K,
L', M,N), Ci-155 (H,1), or dpp-lacZ=” (0-R) expression. NS1
activation of dpp-lacZ expression (A) was suppressed by
co-expression with the inhibitory Ptc co-receptor (B) and
potentiated by ubiquitous expression the activated SmoD1-3
receptor (C,D). Coexpression of NS1 with a Ci RNAIi con-
struct blocked NS1 activation of dpp-lacZ expression(E). Co-
expression of NS1 with the inhibitory regulatory subunit of
PKA (PKA™?) (F), or eliminating function cos 2 in mutant
clones (lacking GFP in G) prevents NS1 from activating high
levels of dpp-lacZ expression (G') in anterior (arrow) and A/P
border cells (arrowhead). Ci-155 protein levels were similar
in wild-type (H) and NS1-expressing (I) discs. NS1 enhanced
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Ci*®**4 mediated ectopic expression of dpp-lacZ (J,K). cos 2

mutant clones (lacking GFP and marked by an arrow in L)
expressing activated Ci***** do not reduce NS1-dependent
induction of dpp-lacZ expression (L"). Ubiquitous expression
of mammalian Gli-1 blocked both endogenous (M) and NS1
dependent (N vs. A) expression of dpp-lacZ. NS1-22 depen-
dent activation of dpp-lacZEP expression (O vs. P) was also
disrupted by co-expression with Glil (P vs. Q). Similarly,
NS1 disrupted ectopic posterior activation of dpp-lacZ*”
caused by ubiquitous expression of Glil (Q vs. R). Ubiqui-
tous expression of NS1 using the C765-GAL4 driver also
blocked expression of the N target gene Cut along the future
wing margin (S vs. T) and similarly reduced Cut expression
induced by ubiquitous expression of the activated N-ICD
transcriptional effector (U vs. V).

FIG. 3: A point mutation in NS1 reduces its ability to
activate dpp-lacZ expression NS1 transgenes were expressed
in adult wings with the strong MS1096-GALA4 driver (A, C, E,
G, I, K) or in dpp-lacZ expressing wing discs with the mod-
erate 71B-GALA4 driver (B, D, F, H, J, L). The NS1(Vn)
phenotype (A,B) was greatly reduced by the A122V mutation
(C,D). NS1(Ud) has a phenotype similar to NS1(VN) (E,F),
whereas NS1(Sw) has weaker (G,H) and NS1(PR8) stronger
(L) activity. The NS1(PR8) phenotype is significantly
reduced by the A122V mutation (K,L). Silencing of Glil-
dependent ectopic activation of dpp-lacZEP by NS1(Vn) (M)
is abolished by the A122V mutation (N). (O) Equivalent
expression levels of the NS1(A122V) and original wild-type
NS1 proteins were detected on Western blots using an anti-
body to C-terminal Myc tags. (P) Structure of the ED of
NS1(Vn) displaying the position of A122 (magenta), 1.105
(blue), and surface residues altered in NS1(Sw) (red), or
NS1(PR8) (cyan) (see Supp. Table 1 for results).

FIG. 4: NS1 A122V increases influenza pathogenesis in
mice which can be partially rescued by treating with a Hh
antagonist. (A) Similar viral titers were measured for mouse
lungs infected with the PR8-WT and PR8-A122V viruses at 3
and 4 days post infection (dpi). (B) 25 mice per group com-
piled from three independent experiments were infected with
either the PR8-WT (blue) or PR8-A122V viruses (red) at
1x104 pfu and monitored daily for survival (survival difter-
ence: p<0.0001). (CE) BMP2 expression and airway epithe-
lial morphology in infected versus control major lung bron-
chioles. (C) In uninfected lungs, regular rows of columnar
epithelial cells surrounded the major bronchioles (brackets)
and express little, ifany, BMP2. (D) The columnar epithelium
in PR8-WT infected lungs was moderately disorganized and
high levels of BMP2 expression were observed in some areas
(asterisks). (E) The columnar epithelial layer was almost
completely absent in PR8-A122V mutant virus infected lungs
and the peribronchiolar space was enlarged (compared the
distance between lines in E to C and D). (F-I) Mice were
treated with a Hh signaling antagonist, cyclopamine (F,H), or
an inactive analogue, tomatidine (G, I), from 0-2 dpi with
either the PR8-WT or PR8-A122V viruses. Cyclopamine
reduced epithelial damage caused by both PR8-WT (F) and
PR8-A122V (H) while tomatidine had no obvious effect (ar-
row in G). BM=basement membrane (BM),
PBS=peribronchial space (PBS) is indicated with lines. In
C-1, the columnar epithelial layer is shown with a brackets. (J)
Cytokine levels (pg/ml) in homogenates of PR8-WT (n=5)
and PR8-A122V (n=4) virus infected lungs at 4 dpi. IL-6:
p<0.005; CXCL10: p<0.04.

FIG. 5: Effects of Vn versus PR8 NS1 on other Hh target
genes. Wing imaginal discs expressing the indicated trans-
genes were stained with antibodies recognizing Collier (Col)
(A-D), (Ptc) (E-H), Engrailed (En) (I-L), and Ci-155 (M-P).
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White lines in I-I. denote the A/P border. The moderately
active Vn NS1 has little if any effect on expression Col (A,B);
Ptc (E,F); or En expression (I,J)—note that En expression
advances a short distance into the anterior compartment in
late third instar wing discs (I,J); or full length Ci (M,N). The
more strongly active PR8 NS1, however, results in reduced
expression of Col (C, vs. A), anterior and posterior expansion
of expression of Ptc but a reduction at the A/P (G vs. E), and
reduced anterior expression of En (K vs. I). Each of these PR8
effects is greatly attenuated by the A122V mutation (C,D;
G,H; K,L) indicating that all of these effects on Hh target
genes are likely to be mediated by the same effector interac-
tion as that involved in dpp-activation by both Vn and PR8
NS1. Similar to Vn, PR8 does not appreciably alter Ci-155
levels (O,P).

FIG. 6: Secreted Dpp mediates the non-autonomous effect
of NS1 on neighboring cells. Wing discs expressing NS1 and
indicated transgenes with the ubiquitous 71B-GAL4 driver
(A-F), or along the A/P border with the dpp-GAL4 driver (G,
H), were assayed for the pattern of Dpp response by staining
with a phospho-Smad1 antibody. Ubiquitous expression of a
wild-type form of the Dpp type-II receptor subunit Thick
veins (Tkv) has little effect on NS1 activity (A, B), while
expression of a dominant negative form of this receptor sub-
unit eliminates both endogenous and NS1 activated pSMAD
staining (C, D). Ubiquitous expression of the potent secreted
SogCR1 Dpp antagonist (Yuetal., 2000) also results in strong
reduction of the NS1 response (E, F), while A/P expression of
SogCR down-regulates the response strongly in A/P border
cells but seems to allow some signal to escape into adjacent
regions, possibly owing to its expression levels being fairly
low directly along the A/P border (G, H).

FIG. 7: Elimination of Ci-155 blocks NS1 activity. Ubig-
uitous expression of PKA“” (B vs. A) or Cos-2 (D vs. C),
which both greatly reduce levels of Ci-155 by promoting its
proteolysis, blocked the ability of NS1 to activate dpp-lacZ
expression.

FIG. 8: Ci target genes, mtv and kn, do not mediate NS1-
dependent dpp activation. In fused (fu) mutant discs, dpp-
lacZ expression is broadened but not elevated (A). Expression
of NS1 in a fu mutant background can potentiate dpp-lacZ
expression throughout the expanded response zone (B), indi-
cating that fu is not required for the dpp-activating function of
NS1, although Fused is required for full activation of Ci-155.
mtv-lacZ expression in wild type discs (C) and discs ubiqui-
tously expressing NS1(Vn) with the 71B-GALA4 driver (D).
NS1(Vn) can enhance mtv-lacZ expression at the A/P border
and activate expression throughout a broad domain in the
anterior compartment. In clones of cells expressing a strong
hypomorphic allele of mtv, mtv®, marked by the absence of
GFP in (I) and marked by arrows in (E) and (E') high NS1-
dependent expression of dpp-lacZ is unaffected (E'). In discs
expressing a hypomorphic allele of kn, kn®, expression of the
dpp-lacZ reporter construct is not significantly altered in
wing discs (F), nor is the ability of NS1(Vn) to elevate expres-
sion of this reporter (G).

FIG. 9: NS1 alters Notch target gene expression in a strain
specific and A122V-dependent fashion. NS1 (Vn) reduces
expression of Cut along the presumptive wing margin (B vs.
A) and increases expression of Gbe-lacZ, a synthetic Notch
reporter gene construct (G vs. F). Both of these effects of NS1
(Vn) are greatly reduced by the A122V mutation (C vs. B and
Hvs. G). The effect of NS1 (PR8) is stronger than NS1 (Vn)
with regard to Cut repression (D vs. B) and Gbe-lacZ activa-
tion (I vs. G), and both of these effects are reduced by the
A122V mutation (E vs. D and I vs. J respectively).
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FIG.10: The A122V mutation disrupts Udorn NS1 binding
to CPSF30. GST or GST-NS1 fusion proteins were incubated
with extracts of 293T cells transfected with an N-terminal
fragment of CPSF30 containing four of its zinc finger binding
domains and tagged C-terminally with a V5 epitope. Proteins
immune precipitated with glutathione beads were visualized
on Western blots with anti-VS5 (top) and anti-GST (bottom)
antibodies. The A122V mutation reduces NS1 binding to
CPSF30 under these in vitro binding conditions. Note, how-
ever, that mutations of another known residue required for
NS1 binding to CPSF30, G184, did not disrupt the dpp acti-
vating function of NS1 in Drosophila wing discs. These find-
ings indicate that for in vivo infectivity experiments in mam-
mals it is important to use a viral strain such as PR8 for which
the activity of NSI is independent of its ability to bind
CPSF30.

FIG. 11: The A122V mutation does not affect temporal
regulation of viral proteins in infected tissue culture cells.
Temporal synthesis of two viral proteins NP and M was
examined in A549 cells following a high-MOI single cycle
infection with the PR8 and PR8(A122V) viruses. No differ-
ences in the levels or kinetics of these markers were observed
indicating that the A122V mutation does not alter temporal
regulation of viral gene expression.

DETAILED DESCRIPTION OF THE INVENTION

The invention provides compositions and methods for
inhibiting influenza viral infection, including protection and
treatment against influenza viral infection, by modulating the
activity of at least one host protein that interacts with NS1 and
thereby alters the activity of host signaling pathways, includ-
ing, but not limited to, the Hedgehog (Hh), the Bone Mor-
phogenetic Protein (BMP), and the Notch (N) signaling path-
ways. The invention provides a new role of NS1 viral protein
in moditying cell-cell signaling via the Hh, BMP, and/or N
pathways.

The invention thus provides a method and composition for
inhibiting influenza viral infection, including protection
against and treatment of influenza viral infection, comprising
administering to a subject in need an effective amount of a
composition comprising a pharmaceutically acceptable car-
rier and a compound that modulates NS1 viral protein asso-
ciated essential host signaling pathways, including, but not
limited to, the Hedgehog (Hh), the Bone Morphogenetic Pro-
tein (BMP), the Notch (N) signaling pathway and combina-
tions thereof.

In certain embodiments, the compound is an antagonist or
inhibitor that inhibits the Hedgehog signaling pathway, such
Hedgehog inhibitor includes small molecule inhibitors,
including but not limited to, cyclopamine or related chemical
derivatives thereof, GOC-0449 (aka, Vismodegib (ERI-
VEDGE™), Genentech), IPI-926 (aka, SARIDEGID, Infin-
ity Pharmaceuticals), LDE-225 (aka, Erismodegib, Novar-
tis), LY2940680, Hh antagonist VIII, Hh antagonist XV, Gant
58, Gant 61, BMS-833923 (aka, EXELIXIS, Bristol-Myers
Squibb), and any other Hedgehog signaling inhibitors now
known or later developed. In certain embodiments, the
Hedgehog inhibitor used for protection and/or treatment of
influenza is cyclopamine.

As used herein, compounds and agents that are Hedgehog
agonists or stimulators, or antagonists or inhibitors, include
those that are well known in the art, and later discovered and
developed by those skilled in the art. Examples of small
molecule antagonists or inhibitors of the Hedgehog signaling
pathway are disclosed, for instance, in Peukert and Miller-
Moslin (2010, ChemMedChem 5: 500-512); Williams et al.
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(2003, PNAS 100(8): 4616-4621); and Tremblay et al. (2009,
J. Med. Chem. 52(14): 4400-18, for IP1-926); Examples of
protein antagonists or inhibitors of the Hedgehog signaling
pathway are disclosed, for instance, in Brunton et al. (2008, J.
Med. Chem. 51(5): 1108-1110). The entire contents of all of
these references are incorporated by reference herein.

In other embodiments, the compound modulates the Bone
Morphogenetic Protein (BMP) signaling pathway. As used
herein, compounds and/or agents that are BMP agonists,
antagonist, stimulators or inhibitors include those that are
well known in the art, and later discovered and developed by
those skilled in the art. Such BMP modulating compound
includes, but is not limited to, Dorsomorphin, DMH1, LDN-
193189. Examples of BMP inhibitors are disclosed, for
instance, in Hao et al. 2008, PLoS One 3(8):e2904, for Dor-
somorphin; and Axon Medchem Cat. No. 1509 for LDN-
193189. The entire contents of these references are incorpo-
rated by reference herein. Examples of BMP agonist include,
but are not limited to, BMP4 and TGF-beta.

In yet other embodiments, the compound modulates the
Notch (N) signaling pathway, including, but not limited to,
extracellular modulators which influence binding or activa-
tion of Notch by its ligands, cytoplasmic modulators, which
influence signal transduction steps after receptor activation,
and nuclear modulators, which influence the transcriptional
activity of Notch-CSL protein complex, now known or later
developed. Examples of Notch inhibitors include, but are not
limited to, DAPT, DBZ, LY411575, 16885458, 1.852647,
MK-0752, gamma-secretase inhibitors (GSI), Semagacestat,
and RO4929097. Examples of Notch agonists include, but are
not limited to, Delta-like-1 (D11-1), D11-2, D11-3 D11-4,
Jagged, and activated intracellular domains of Notch recep-
tors delivered to cross the plasma membrane and enter host
cells including: Notchl, Notch2, Notch3, and Notch4.

As used herein, compounds and/or agents that are Notch
(N) agonists, antagonist, stimulators or inhibitors include
those that are well known in the art, and later discovered and
developed by those skilled in the art. Examples of Notch
signaling modulators are disclosed, for instance, in Panin &
Irvine (1998). The entire contents of these references are
incorporated by reference herein. Examples of the Notch
modulator include, but are not limited to DAPT, DBZ,
LY411575, 16885458, 1.852647, MK-0752, gamma-secre-
tase inhibitors (GSI), Semagacestat, and R0O4929097.

In certain embodiments, due to variances of influenza viral
strains, the significant differences in NS1 activities and its
associations with essential signaling pathways in different
host species, such as invertebrates vs. vertebrates, the com-
pound encompassed in the invention can be agonists, antago-
nists, inhibitors, or stimulators that modulate the Hh, BMP, or
N signaling pathways, or any proteins or molecules involved
in these signaling pathways, alone or in combination. Given
the novelty of the present disclosure, it would be routine for
one skilled in the art to select an appropriate agonist, antago-
nist, inhibitor, or stimulator in light of the particular activity
of different NS1 viral protein in different viral strains asso-
ciated with the Hedgehog (Hh), BMP, or Notch (N) signaling
pathways in different host species and stages of infection.

In particular, mice infected with either the wild-type form
of'the mouse adapted PRS virus or the A122V mutant variant
of that virus can be treated with agonists or antagonists to
each of these three pathways at different doses and mice can
be assesed by various criteria including: signs of morbidity,
damage to the lung epithelium (at various time points), cytok-
ine production (at various time points), and lethality curves.
Compounds reducing any of the above indices of infection
can then be combined to determine the level of activity in
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concert to reduce disease pathology more effectively than
either alone. Mixtures of inhibitors showing the greatest
promise in mice can be routinely optimized for clinical trials
in humans, particularly where any such compounds were not
already clinically approved for other diseases (e.g., Hh
antagonists for breast cancer and gamma secretase inhibitors
for Alzheimer’s Disease).

In certain embodiments, the invention provides that genetic
epistasis experiments indicate that NS1 acts at the level of the
transcriptional mediators of Hedgehog, Bone Morphogenetic
Protein, or Notch signaling pathways. A point mutation in
NS1 (A122V) was identified that impairs this activity. When
the A122V mutation was incorporated into a mouse-adapted
influenza A virus, it increased lung epithelial damage and
hastened lethality. This epithelial damage was partially res-
cued by treating mice with the Hh antagonist cyclopamine.
These results indicate that, in addition to its multiple intrac-
ellular functions, NS1 also modifies communication between
host cells, which limits overall cell damage and lethality. The
invention thus provides how this novel signaling function of
NS1 is advantageous to the virus.

In certain embodiments, the invention provides that NS1
alters expression of Hh and N target genes by modulating
activity of their transcriptional effectors (Ci/Gli and N-ICD
respectively). This novel signaling activity remains unaltered
by mutations in NS1 that block its interactions with other
known host effectors. A novel point mutation in a surface
residue of NS1 (A122V), however, does abrogate this signal-
ing function. Incorporation of the A122V mutation into a
mouse adapted influenza virus increases virulence, causing
earlier death, increased morbidity, and greater lung pathology
than the parental virus. In addition, treatment with the Hh
inhibitor cyclopamine reduces viral damage in the lung.
Therefore, the invention provides a new signaling function of
NS1 that tempers influenza virulence and provides new thera-
peutic avenues for treating infection. Specifically, the inven-
tion further provides that modulating NS1 associated essen-
tial host signaling systems, such as the Hedgehog (Hh), the
Bone Morphogenetic Protein (BMP), or the Notch (N) path-
ways, that are exploited by the pathogen is an effective
approach to preventing and treating influenza viral infection.

In certain embodiments, the present invention provides that
the NS1 protein from both highly virulent, as well as seasonal
forms of influenza virus, activates a branch of the Hedgehog
signaling pathway leading to increased expression of Bone
Morphogenic Proteins ligands in Drosophila, although this
effect varies considerably among different viral strains, sug-
gesting that it is a characteristic that may be selected to
determine viral fitness. The PR8 virus also induces BMP
expression in lung epithelial cells in infected mice. The inven-
tion further provides that the NS1 protein interferes with
Notch signaling pathway, as well, by altering Notch target
gene expression in Drosophila. Accordingly, the invention
provides that a compound, such as an antagonist or inhibitor
of the Hedgehog (Hh) signaling pathway, an antagonist or
inhibitor of the BMP signaling, or an modulator of the Notch
(N) signaling, alone or in combination, could provide an
effective treatment for various strains of influenza viral infec-
tion.

As used herein, the terms “compound,” “pharmacologi-
cally active agent,” “therapeutic agent,” “active agent,” or
“drug” are used interchangeably to refer to a natural or syn-
thetic chemical material, or biological material, that induces
a desired pharmacological, physiological, biological effect,
and include agents that are therapeutically or prophylactically
effective. The terms also encompass pharmaceutically
acceptable, pharmacologically active derivatives and analogs

10

15

20

25

30

35

40

45

50

55

60

65

10

of those active agents specifically mentioned herein, includ-
ing but are not limited to, salts, esters, amides, prodrugs,
active metabolites, inclusion complexes, analogs, and the
like. When the terms “compound,” “pharmacologically or
biologically active agent,” “active agent,” and “drug” are
used, it is to be understood that applicants intend to include
the active agent per se as well as pharmaceutically or biologi-
cally acceptable, pharmacological or biological active salts,
esters, amides, prodrugs, active metabolites, inclusion com-
plexes, analogs, etc., which may be collectively referred to
herein as “pharmaceutically or biologically acceptable
derivatives.”

The pharmacologically agents as used herein may also
refer to any oligonucleotides (antisense oligonucleotide
agents), polynucleotides (e.g. therapeutic DNA), ribozymes,
dsRNAs, siRNA, RNAI, gene therapy vectors, and/or vac-
cines for therapeutic use. The term “antisense oligonucleotide
agent” refers to short synthetic segments of DNA or RNA,
usually referred to as oligonucleotides, which are designed to
be complementary to a sequence of a specific mRNA to
inhibit the translation of the targeted mRNA by binding to a
unique sequence segment on the mRNA. Antisense oligo-
nucleotides are often developed and used in the antisense
technology. The term “antisense technology” refers to a drug-
discovery and development technique that involves design
and use of synthetic oligonucleotides complementary to a
target mRNA to inhibit production of specific disease-caus-
ing proteins. Virtually all diseases are associated with inad-
equate or over-production of proteins. Traditional small mol-
ecule drugs are designed to interact with disease-causing
proteins and inhibit their function. In contrast, antisense tech-
nology permits design of drugs, called antisense oligonucle-
otides, which intervene at the genetic level and inhibit the
production of disease-associated proteins. Antisense oligo-
nucleotide agents are developed based on genetic informa-
tion.

As an alternative to antisense oligonucleotide agents,
ribozymes or double stranded RNA (dsRNA), RNA interfer-
ence (RNA1), and/or small interfering RNA (siRNA), can also
be used herewith as pharmaceutically active agents. As used
herein, the term “ribozyme” refers to a catalytic RNA-based
enzyme with ribonuclease activity that is capable of cleaving
a single-stranded nucleic acid, such as an mRNA, to which it
has a complementary region. Ribozymes can be used to cata-
Iytically cleave target mRNA transcripts to thereby inhibit
translation of target mRNA. The term “dsRNA,” as used
herein, refers to RNA hybrids comprising two strands of
RNA. The dsRNAs can be linear or circular in structure. The
dsRNA may comprise ribonucleotides, ribonucleotide ana-
logs, such as 2'-O-methyl ribosyl residues, or combinations
thereof. The term “RNAi” refers to RNA interference or
post-transcriptional gene silencing (PTGS). The term
“siRNA” refers to small dsSRNA molecules (e.g., 21-23 nucle-
otides) that are the mediators of the RNAIi effects. RNAI is
induced by the introduction of long dsRNA (up to 1-2 kb)
produced by in vitro transcription, and has been successfully
used to reduce gene expression in variety of organisms. In
mammalian cells, RNAi uses siRNA (e.g. 22 nucleotides
long) to bind to the RNA-induced silencing complex (RISC),
which then binds to any matching mRNA sequence to
degrade target mRNA, thus, silences the gene.

As used herein, a term “effective amount” refers to a quan-
tity which results in a desired biological, therapeutic and/or
prophylactic effect without causing unacceptable side effects
when administered to a patient in need of the invention phar-
maceutical composition. A “desired therapeutic effect”
includes one or more of the following: 1) an amelioration of



US 9,095,579 B2

11

the symptom(s) associated with the disease or condition; 2) a
delay in the onset of symptoms associated with the disease or
condition; 3) increased longevity compared with the absence
of the treatment; and 4) greater quality of life compared with
the absence of the treatment. For example, an “effective
amount” of a Hh, BMP, or N inhibitor for the prevention or
treatment of influenza viral infection is the quantity that
would result in greater control of symptoms associated with
influenza viral infection than in the absence of the inhibitor.

A “effective amount” as used herein will also depend on the
type and severity of the disease and on the characteristics of
the subject, such as general health, age, sex, body weight and
tolerance to drugs. The dose of the invention composition
administering to a patient in need will depend on a number of
factors, among which are included, without limitation, the
patient’s sex, weight and age, the type and/or severity of the
disease, the route of administration and bioavailability, the
pharmacokinetic profile of the agent, the potency, the formu-
lation, and other factors within the particular knowledge of
the patient and physician. Thus, it is not necessary to specify
an exact effective amount herein. However, an appropriate
effective amount in any individual case may be determined by
one of ordinary skill in the art using routine experimentation.
Furthermore, the exact effective amount of an active agent
incorporated into a composition or dosage form of the present
invention is not critical, so long as the concentration is within
a range sufficient to permit ready application of the solution
or formulation so as to deliver an amount of the active agent
that is within a therapeutically effective range.

As used herein, the composition of the invention compris-
ing a compound modulating at least one of the Hh, BMP, or N
signaling pathways could be supplied in any pharmaceuti-
cally acceptable form, including in an oral, liquid, or tablet
form, aerosolized for administration by inhalation, or formu-
lated for parenteral administration such as in sealed sterile
vials for intravenous administration to preventatively treat
patients that are likely to have been exposed to influenza
infection, or as a treatment to reduce the severity of infection
for patients who are suspected or known to be infected by the
virus. The composition of the invention can be used either
alone or in combination with any existing pharmacologically
active agents, including antiviral drugs, suchas TAMIFLU, or
other therapeutic agents known for preventing or reducing
severity of influenza viral infection, or associated syndromes.

As used herein, solutions are homogeneous mixtures pre-
pared by dissolving one or more chemical substances (solute)
in another liquid such that the molecules of the dissolved
substance are dispersed among those of the solvent. The
solution may contain other pharmaceutically acceptable
chemicals to buffer, stabilize or preserve the solute. Com-
monly used examples of solvents used in preparing solutions
are saline, water, ethanol, propylene glycol or any other phar-
maceutically acceptable vehicle.

A typical dose range for a therapeutic composition of the
present invention will range from about 1 pg per day to about
5000 pg per day. Preferably, the dose ranges from about 1 pug
per day to about 2500 pg per day, more preferably from about
1 pg per day to about 1000 ng per day. Even more preferably,
the dose ranges from about 5 pg per day to about 100 pg per
day. A person skilled in the art will take care to select the
suitable effective amount of the invention composition, such
that a desired therapeutic or prophylactic effect is obtained
without causing unacceptable side effects when administered
to a patient in need.

Asused herein, the term “pharmaceutically acceptable car-
rier” refers to carrier materials suitable for administration of
the compound, also referred to as a pharmaceutically active
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agent. Carriers useful herein include any such materials
known in the art, which are nontoxic and do not interact with
other components of the composition in a deleterious manner.
Various additives, known to those skilled in the art, may be
included in the composition of the present invention. For
example, solvents, including relatively small amounts of
alcohol, may be used to solubilize certain drug substances.
Other optional additives include opacifiers, antioxidants, fra-
grance, colorant, gelling agents, thickening agents, stabiliz-
ers, surfactants and the like. Other agents may also be added,
such as antimicrobial agents, to prevent spoilage upon stor-
age, i.e., to inhibit growth of microbes such as yeasts and
molds. Suitable antimicrobial agents are typically selected
from the group consisting of the methyl and propyl esters of
p-hydroxybenzoic acid (i.e., methyl and propyl paraben),
sodium benzoate, sorbic acid, imidurea, and combinations
thereof.

The pharmaceutically active agent may be administered
through any desirable route, such as oral and/or any parental
administration, if desired, in the form of a salt, ester, amide,
prodrug, derivative, or the like, provided the salt, ester, amide,
prodrug or derivative is suitable pharmacologically. Salts,
esters, amides, prodrugs and other derivatives of the active
agents may be prepared using standard procedures known to
those skilled in the art of synthetic organic chemistry and
described, for example, by March’s Advanced Organic
Chemistry: Reactions, Mechanisms and Structure, 5th Ed.
(Wiley-Interscience, 2001). Preparation of salts, ester,
amides, prodrug, etc. is known to those skilled in the art or
described in the pertinent literature.

The composition can be administered to a human. How-
ever, the invention composition can also be administered to
any mammals including companion animals (e.g., dogs, cats,
and the like), farm animals (e.g., cows, sheep, pigs, horses,
chickens, and the like) and laboratory animals (e.g., rats,
mice, guinea pigs, and the like).

The therapeutic candidates are compounds of any type.
They may be of natural origin or may have been produced by
chemical synthesis. They may be a library of structurally
defined chemical compounds, of non-characterized com-
pounds or substances, or a mixture of compounds. Various
techniques can be used to test these compounds and to iden-
tify the compounds of therapeutic interest which modulate
the Hedgehog, Bone Morphogenetic Protein, or Notch sig-
naling pathways, or any molecules associated with these sig-
naling pathways.

An in vivo screening method can be carried out in any
laboratory animal, for example Drosophila or a rodent. In
certain embodiments, the screening method comprises
administering the test compound to the animal, then observ-
ing symptoms, sampling bodily fluids or tissues, analyzing
tissue biopsy sample histologically, or optionally sacrificing
the animal by euthanasia and taking a suitable biological
sample before evaluating activities of the Hedgehog, Bone
Morphogenetic Protein, or Notch signaling pathways, by any
method described herein.

The invention may be understood more readily by refer-
ence to the following detailed description of the preferred
embodiments of the invention and the Examples included
herein. However, before the present peptides, compounds,
compositions, and methods are disclosed and described, it is
to be understood that this invention is not limited to specific
compounds, specific peptides or proteins, specific cell types,
specific host cells, specific conditions, or specific methods,
etc., as such may, of course, vary, and the numerous modifi-
cations and variations therein will be apparent to those skilled
in the art. It is also to be understood that the terminology used
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herein is for the purpose of describing specific embodiments
only and is not intended to be limiting. It is also to be under-
stood that as used in the specification and in the claims, “a” or
“an” can mean one or more, depending upon the context in
which it is used. Thus, for example, reference to “a cell” can
mean that at least one cell can be utilized.

Throughout this application, various publications are ref-
erenced. The disclosures of all of these publications and those
references cited within those publications in their entireties
are hereby incorporated by reference into this application in
order to more fully describe the state of the art to which this
invention pertains.

It should also be understood that the foregoing relates to
preferred embodiments of the invention and that numerous
changes may be made therein without departing from the
scope of the invention. The invention is further illustrated by
the following examples, which are not to be construed in any
way as imposing limitations upon the scope thereof. On the
contrary, it is to be clearly understood that resort may be had
to various other embodiments, modifications, and equivalents
thereof, which, after reading the description herein, may sug-
gest themselves to those skilled in the art without departing
from the spirit of the present invention and/or the scope of the
appended claims. These and many other variations and
embodiments of the invention will be apparent to one of skill
in the art upon a review of the appended description and
examples.

EXAMPLES

A Novel Signaling Function of the Influenza NS1
Protein Provides Protection to the Host During
Infection

The NS1 protein produced by influenza A viruses sup-
presses host cellular defense mechanisms. The following
examples provide a new role for NS1 in modifying cell-cell
communication via two well characterized signaling path-
ways known as the Hedgehog (Hh) and Notch (N) pathways.
Genetic studies indicate that NS1 alters the transcriptional
read out of these pathways. A point mutation in NS1 (A122V)
was identified that impairs this signaling activity. The A122V
mutation was incorporated into a mouse-adapted influenza A
virus and was found to increase lung epithelial damage and
hasten lethality. This epithelial damage could be partially
rescued by treating mice with the compound cyclopamine,
which is an antagonist of the Hh pathway. These results
indicate that, in addition to its multiple intracellular func-
tions, NS1 also modifies communication between host cells,
which limits overall cell damage and lethality caused by the
virus and may optimize viral success by the host for future
infection.

Example 1

Materials and Methods

Immunohistochemistry of Fly Wing Imaginal Discs
Generation of mitotic clones and immunohistochemistry
was performed as previously described in (Smelkinson et al.
2007). Antibodies used are listed below.
Generation of Wild-Type and Recombinant Influenza Viruses
The influenza A/PR/8/34 (PR8; HIN1) wild type virus was
rescued as previously described (Hoffmann et al. 2000). Ala-
nine 122 in the PR8 NS1A protein was changed to valine
using site-directed PCR mutagenesis of the PR8 NS gene, and
the resulting DNA was cloned into a pol-II plasmid, pHH21.
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This mutation does not change the sequence of the NS2
protein. Viruses were amplified as described previously (Twu
et al. 2006).

Immunohistochemistry of Mouse Lungs

Lungs were harvested at 2 dpi and placed in PBS-buffered
formalin, blocked in paraffin, and 10-um tissue sections were
cut, and placed on glass slides. Sections were deparaffinized
followed by antigen retrieval and antibody staining using
standard methods.

Mouse Infections and Cyclopamine Treatment

C57BL/6 mice were infected intra-tracheally with A/PR/
8/34; HIN1 viruses at 10* PFU and monitored daily for mor-
bidity for 14 days. Alternatively, mice were anesthetized with
isoflurane and lungs dissected. Cytokine production was
measured from lung homogenates by ELISA assay using
DuoSet kits from R&D systems (R&D, Minneapolis Minn.).
Cyclopamine and tomatidine were dissolved in a solution of
4:1 cyclodextran: ethanol (v:v) and 0.5 mg was administered
as an intraperitoneal injection daily from 0-2 dpi. All infected
mice were housed in biocontainment at the animal facility of
TSRI. Quantification of viral titers in mouse lungs is
described below.

Cloning and Site-Directed Mutagenesis

c¢DNAs for Drosophila germline transformation and tis-
sue-culture cell transfection were inserted into Gateway
Technology vectors (Invitrogen). Point mutations were made
with the QuikChange Site-Directed Mutagenesis Kit (Strat-
agene), and products were sequenced in their entirety before
recombination into destination vectors.

Viral NS1 constructs: The cDNAs of NS1 from A/Vietnam/
1203/04 (Vn; provided by Robert Webster), A/Udorn/72
(Ud), A/California/09 (Sw), and A/Puerto Rico/8/1934 (PR8)
were inserted into pENTR-SD/TOPO (Invitrogen) via “topo
cloning”. The destination vector used for germline transfor-
mation into w''® flies is pTFHWM, which contains pUASt
regulatory elements and encodes both a composite N-termi-
nal Flag/HA epitope tag and a C-terminal Myc epitope tag
(modified from plasmids available at the DGRC). At least 3
individual Drosophila lines were analyzed for each trans-
formed construct.

CPSF30 protein expression construct: An N-terminal frag-
ment of CPSF30 encompassing four zinc finger domains
(1-F4) was inserted in pENTR-SD/TOPO by “topo” cloning
then recombined into destination vector, pcDNA-DEST40
(Invitrogen) which has a C-terminal V5 epitope tag and pro-
moter elements required for expression in HEK293T cells.

NS1 protein expression construct: pGEX3X-NS1/Ud
1-215 was made as described in (Melen et al., 2007) for
bacterial expression and purification of GST tagged NS1.

In Vitro GST Pull-Down Assay

200 ng of purified GST or GST-NS1(Ud) was bound to
glutathione Sepharose beads in TBS+0.5% NP40 for 1 hr at
4° C. in a volume of 100 pl. Beads were washed twice and
then incubated with 400 ul of a HEK293T cell lysate contain-
ing a V5 tagged N-terminal fragment of CPSF over night at 4°
C. Beads were then washed three times and eluted with
2xSDS-PAGE loading buffer and boiled for 5 min prior to
loading. Proteins were visualized by Western blotting with
mouse anti-V5 (Invitrogen) and rabbit anti-GST primary anti-
bodies. Alexaflour-488 and -647 were used as secondary anti-
bodies and visualized with a Typhoon 9400 scanner.
Immunoblotting

Detection of NS1 from fly extracts: Flies carrying UAS-
NS1 constructs were crossed to flies carrying a heat shock-
GALA4 driver. 10 progeny flies were then heat shocked at 37°
C. for 2 hours and allowed to recover for 1 hour. Flies were
then homogenized in PBST, centrifuged, and supernatant
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recovered. SDS-PAGE loading buffer and reducing agent
were then added to the supernatant and boiled for 5 minutes
prior to loading on an SDS-PAGE gel. Following Western
blotting, the NS1 protein was visualized with mouse anti-
Myc (Sigma, 1:2000) and/or rabbi anti-HA (AbCam, 1:1000)
antibodies. Alexaflour-488 and -647 were used as secondary
antibodies and visualized with a Typhoon 9400 scanner.

Detection of viral proteins from infected tissue culture
cells: A549 cells were grown in DMEM supplemented with
10% heat inactivated fetal bovine serum (FBS). Cells were
infected with 5 plaque forming units (pfu/cell) of the indi-
cated virus. After 1 hour of adsorption at 37° C., cells were
washed once with PBS and replenished with DMEM contain-
ing 2% FBS and incubated at 37° C. for the indicated times.
Cells collected at the indicated times after infection were
lysed in RIPA buffer (50 mM Tris-HClpH 7.5, 150 mM NaCl,
1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS) supple-
mented with Complete® protease inhibitor (Roche). Immu-
noblots were probed using the following primary antibodies:
rabbit antibody against the major structural proteins of the Ud
virus, which detects the nucleocapsid (NP) and matrix (M1)
proteins provided by Robert A. Lamb (Chen et al., 2007) and
rabbit anti $-tubulin antibody (Cell Signaling).
Mouse Lung Immunohistochemistry

Lung sections were deparaffinized in 2 changes of xylenes
for 5 minutes each and then hydrated in washes with ethanol
followed by distilled water. Antigen retrieval was performed
by immersing slides in a buffer containing 10 mM Tris pH 9.0,
1 mM EDTA, 0.05% Tween-20 and boiling for 30 minutes.
Slides were allowed to cool for 20 minutes, rinsed in PBST,
and then blocked in PBST+5% BSA for 1 hour. Sections were
incubated in primary antibody overnight followed by 3
washes in PBST and incubation in an alkaline phosphatase
conjugated secondary antibody for 1 hour. To perform the
alkaline phosphatase reaction, sections were washed 3 times
in alkaline phosphatase buffer (100 mM Tris, pH 9.5, 50 mM
MgCl12, 100 mM NaCl, 0.1% Tween) and then incubated with
NBT/BCIP substrates until staining could be visualized.
Reaction was stopped by immersing slides in ethanol and
tissue was mounted in Aqua-Polymount (Polyscience, Inc.).
Antibodies used for Immunohistochemistry of Drosophila
Wing Discs and Mouse Lungs

Primary antibodies used for staining Drosophila wing
discs are mouse anti-beta-galactosidase 1:20 (DSHB), Rabbit
anti phospho SMADI1 1:1000 (P. Ten Dijke), rabbit anti-myc
1:100 (Sigma), rabbit anti-Spalt 1:500 (Jose De Celis), mouse
anti-patched 1:200 (DSHB), mouse anti-collier 1:100
(Crozatier), rat anti-Ci 2A1 1:2 (Holmgren), mouse anti en
1:5 (DSHB), and mouse anti cut 1:100 (DSHB). Alexaflour
secondary antibodies (Invitrogen) were used at 1:1000. Anti-
bodies used for mouse lung immunohistochemistry were goat
anti-BMP2 (sc-6895; 1:50) and rabbit anti-goat-AP (Invitro-
gen; 1:100).
Quantification of Viral Titers in Mouse Lungs

Lungs were homogenized in MEM+0.1% bovine serum
albumin (BSA) by bead beating. Homogenate was 10-fold
serially diluted and 500 ul was added to MDCK cell mono-
layers in 6-well plates. Following incubation for 1 hour at 37°
C., virus was removed and cells were overlaid with 3 ml of a
1:1 MEM:agarose solution containing 1 ug/ml. TPCK-
treated trypsin. After 48 hours, cells were fixed with 4% PFA
and stained with a 0.1% solution of crystal violet and plaques
were counted.
Drosophila Genetics and Screens

Fly crosses: dpp-lacZ, mtv-lacZ, or Gbe-lacZ (which con-
tains several Su(H) promoter binding sites) expression in
discs expressing NS1, was analyzed by crossing females with
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the genotype w; dpp-lacZ; 71B or w; dpp-lacZ; C765, or
dpp-lacZ=%; 71B; or ptc-GAL4; dpp-lacZ, or w; mtv-lacZ;
71B, or dpp-lacZ; 71B CiRNAI, or, w Gbe-lacZ; C765 to w;
UAS-NS1 males or mutant variants. dpp-lacZ encodes the
dpp disk enhancer described in (St Johnston et al., 1990).
dpp-lacZ”” is an enhancer trap reporter of dpp expression.
dpp expression was assayed in: 1) discs expressing compo-
nents of the Hh, Dpp signaling pathways with or without NS1
by crossing females with the genotype UAS-Tkv or UAS-
Tkv™ or UAS-Sog“®! UAS-PKA“ or UAS-PKAZ or UAS-
smoD1-3 or UAS-Ptc or UAS-Ci****“ to males with the geno-
type w; dpp-lacZ; 71B or w; UAS-NS1 dpp-lacZ/CyO; 71B/
TM6; 2) discs expressing Glil with or without NS1, by
crossing females with the genotype w; dpp-lacZ; 71B or w;
dpp-lacZ®*/Cy0Q; 71B/TM6B to males of the genotype w;
UAS-Glil/TM6B or w; UAS-NS1/CyO; UAS-Gli1/TM6B;
3) in fu mutant discs was analyzed by crossing females with
the genotype ywhsflp fu™#%; FRTDy+175[fu]/CyQ; 71B/
TM6B to males with the genotype yw; UAS-NS1; dpp-lacZ
and y-males were selected; 4) in mtv mutant clones express-
ing NS1 was examined by crossing females of the genotype
ywhsflp; FRT40Aubi-GFP; 71B to males of the genotype w;
FRT40Amtv®/CyQ; UAS-NS1 dpp-lacZ; and 5) in kn mutant
discs expressing NS1 by crossing females of the genotype w;
kn'; 71B to males with the genotype w; kn'; UAS-NS1 dpp-
lacZ. Finally, dpp expression dependent upon NS1 were ana-
lyzed with or without co-expression of Ci*®***# in cos-2
mutant clones by crossing females of the genotype ywhsflp;
42Bubi-GFP; 71B dpp-lacZ to males of the genotype w;
42Bc0s-2%/Cy0; UAS-NS1 or w; 42B cos-2%/CyQ; UAS-
NS1 UAS-Ci*#**4, Cut expression was assayed in discs from
a cross with females with the genotype UAS-NICD to males
with the genotype C765 or UAS-NS1/CyO; C765/TM6B.

EMS mutagenesis of Drosophila: Male flies with the geno-
type w; UAS-NS1/CyO were starved for approximately 8
hours and then placed in a vial with a Kim-wipe adsorbed
with 1.2 m[. of'a 0.26% EMS (Sigma) solution in 5% sucrose.
The flies were allowed to feed on the EMS overnight and then
crossed to females with the genotype w MS1096-GALA4.
Transgenes from progeny displaying a revertant phenotype
were sequenced and then verified by cloning the identified
mutations into fresh UAS expression vectors and transform-
ing them back into flies, thereby ruling out possible second
site mutations.

Generation of a dominant negative form of NS1 in Droso-
phila: Flies carrying the UAS-NS1 transgene were crossed to
flies carrying the A2-3 transpose, which induces P-element
directed deletions and truncations. Progeny from this cross
with the genotype UAS-NS1/CyO; A2-3 were then crossed to
flies with the genotype MS1096; NS1 and suppression of the
strong wing phenotype caused by expression of the wild type
copy of NS1 were screened for in progeny. Candidate domi-
nant negatives were then isolated, DNA extracted, and sub-
jected to inverse PCR to determine the chromosomal location
of the transgene. Primers directed to the N-terminus of the
transgene and the neighboring genomic region were used to
PCR amplify the truncated transgene which was then
sequenced in its entirety.

Example 2
NS1 Alters a Branch of Hh Signaling in Drosophila

An NS1 cDNA from the Vietnam H5N1 viral strain (re-
ferred to as NS1(Vn)), double tagged with HA (N-terminus)
and Myc (C-terminus) epitopes were expressed in the Droso-
phila wing by placing it under the transcriptional control of
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the yeast upstream activating sequence (UAS) (Brand and
Perrimon 1993). Flies carrying this construct were crossed to
strains expressing the yeast GAL4 transactivator protein in
wing-specific patterns to conditionally activate expression of
the UAS-NS1(Vn) transgene in the wings of progeny (FIG.
1B-D). Localized expression of NS1(Vn) in the central orga-
nizer (FIG. 1B) or ubiquitous expression throughout the wing
(FIGS. 1C,D) increased the distance between the [.3 and [.4
veins in a dose-dependent fashion, a phenotype indicative of
broadened Hh signaling (Biehs et al. 1998; Crozatier et al.
2002). Notches along the edge ofthe wing were also observed
(arrows in FIGS. 1C,D) indicating that NS1 has additional
non-Hh related effects, which may be mediated by the Wg or
Notch signaling pathways (see below).

Consistent with its final wing phenotype, expression of
NS1(Vn) in ubiquitous (FIG. 1F) or organizer specific (FIG.
1K) patterns greatly increased expression of a minimal syn-
thetic dpp-lacZ reporter (St Johnston et al. 1990) along the
A/Pborder in late larval wing discs. In contrast, expression of
other Hh target genes, Ptc, Collier (Col), and Engrailed (En),
was not appreciably altered by NS1(Vn) (FIGS. 5A,B,E.,F],
J), suggesting that its effect was limited to a specific branch of
the Hh pathway (see below, however, regarding the more
active NS1(PR8) form).

Dpp secreted from the central organizer diffuses to form a
long range gradient extending both anteriorly and posteriorly
(Affolter and Basler 2007), which can be detected in situ by
staining for the phosphorylated (and active) form of the cyto-
plasmic signal transducer Mothers against decapentaplegic
(pMAD) (Teleman and Cohen 2000) or Dpp target genes such
as spalt (Nellen et al. 1996; Lecuit and Cohen 1998). Both
ubiquitous (FIG. 1G-J) and central-organizer specific (FIGS.
1K, L) expression of NS1(Vn) in the wing disc broadened the
domains of pMAD and Spalt staining indicating an expanded
range of Dpp signaling. Consistent with a non-autonomous
action of NS1(Vn) on adjacent cells, preventing diffusion of
Dpp out of the central organizer abolished its BMP-inducing
effect (FIG. 6).

NS1 activates Dpp signaling cell non-autonomously by
promoting higher expression of dpp at the A/P border. One
way to test for the non-autonomous effect of a factor that
regulates BMP signaling is to determine whether it can alter
the amount of free Dpp ligand diffusing into neighboring
domains. Ubiquitous expression of the receptor, Tkv, inhibits
Dpp diffusion and results in restricted activation of signaling
in Dpp producing cells along the A/P border (FIG. 6A). As
expected, when co-expressed NS1(Vn) with Tkv it was found
that it enhanced Dpp signaling selectively along the A/P bor-
der (FIGS. 6A, 6B). Furthermore, co-expression of NS1(Vn)
with a dominant negative form of Tkv or with the antagonist
Short Gastrulation (Sog), a secreted protein that sequesters
Dpp away from the receptor, completely blocked NS1-in-
duced Dpp signaling and thus phosphorylation of Mad (FIGS.
6E-6H) (Nellen et al., 1996; Yu et al., 2000) (unpublished
data). In contrast, NS1(Vn) retained the ability to enhance
Dpp signaling in neighboring cells when Sog expression was
restricted to the A/P border, a configuration that blocks Dpp
activity locally, but allows (and possibly facilitates) Dpp dif-
fusion (FIGS. 6G,6H). From these observations, it was con-
cluded that NS1(Vn) increases long range Dpp signaling by
increasing the level of dpp expression, and hence Dpp protein
production, within Hh responding cells along the A/P border.

Example 3

NS1 Alters the Activity of Ci/Glil and Alters Notch
Signaling at the Level of its Transcriptional Effector

The effect of NS1 on the Hh pathway was examined. Over-
expressing the Ptc receptor, which sequesters Hh thereby

40

45

60

65

18

preventing it from diffusing into the anterior compartment
(Chen and Struhl 1996; Biehs et al. 1998), blocked the ability
of NS1(Vn) to upregulate dpp-lacZ expression (FIGS. 2A,B).
Conversely, ectopic activation of Hh signaling in the anterior
compartment by ubiquitously expressing a constitutively
active phosophomimetic form of Smoothened potentiated
NS1(Vn) activity throughout this region (FIGS. 2C,D). These
results indicate that NS1(Vn) activity is Hh-dependent. To
determine whether NS1 requires the presence of the full-
length form of the transcriptional effector Ci (Ci-155), Ci-155
levels were reduced by RNA-interference (FIG. 2E) or NS1
(Vn) was co-expressed with either the active catalytic subunit
of PKA (PKA“?) or Cos-2 (FIGS. 7C,D), both of which
promote proteolysis of Ci-155 to the Ci-75 repressor form. In
each case NS1(Vn) activity was abolished, demonstrating a
requirement for Ci-155 in this process.

Full length Ci-155 requires additional modification(s)
from the Hh signaling pathway for full activity (Ci*®)
(Hooper and Scott 2005). To determine whether NS1(Vn)
required such Ci activation, NS1(Vn) was co-expressed with
the inhibitory regulatory subunit of PKA (PKA™?, FIG. 2F)
or in clones of cells lacking function of Cos-2 (FIGS. 2G,G"),
both of which block Ci phosphorylation thereby stabilizing
Ci-155. Under these conditions, Hh signaling is also disabled
due to required positive roles of both PKA and Cos-2 in
transducing the signal (Wilson and Chuang 2010). In these
experiments, despite the presence of abundant Ci-155, NS1
(Vn) was unable to fully activate dpp-lacZ expression. Thus,
Ci-155 is required, but not sufficient, for NS1(Vn) activity as
additional positive input from Hh signaling being is essential
for its full effect (see FIG. 8 for further analysis). Consistent
with NS1 affecting the specific activity of Ci, the levels and
patterns of full length Ci expression were similar in wild-type
and NS1(Vn) expressing discs (FIGS. 2H,I). In further sup-
port of NS1 acting in conjunction with Ci*“, co-expression of
NS1(Vn) with a non-cleavable variant of Ci-155, Ci*®*%4
(Smelkinson et al. 2007), which is active independent of Hh
signaling, strongly enhanced dpp-lacZ expression throughout
the disc (FIGS. 2J,K). This effect of NS1 extended well
beyond the domain of Hh signaling, and did so even in the
absence of cos-2 function (FIGS. 2L,L"). It thus concluded
that NS1 interacts with fully-activated Ci**, which is nor-
mally present along the A/P border where Hh signaling is
high.

It was also examined whether Glil, the mammalian tran-
scriptional activator homologous to Ci (Huangfu and Ander-
son 2006; Wilson and Chuang 2010), would similarly medi-
ate the response to NS1(Vn). In contrast to Ci, Glil nearly
abolished the low basal expression of the synthetic dpp-lacZ
reporter (FIG. 2M vs. FIG. 1E) and also blocked the ability of
NS1(Vn) to augment its expression (FIG. 2N vs. 2A). Simi-
larly, Glil prevented NS1(Vn) from fully activating expres-
sion of the more strongly expressed dpp-lacZ*” enhancer trap
reporter along the A/P border (FIGS. 20,P vs. 2QQ). Glil,
which has previously been shown to be active only in poste-
rior and A/P border cells, where Hh levels are high (Marks
and Kalderon 2011), induces expression of dpp-lacZ”* in this
domain (FIG. 2Q). This activity of Glil was reduced by NS1
(FIG. 2R vs. 2Q). Thus, NS1 and Glil consistently interact in
an antagonistic fashion.

NS1 alters Notch signaling at the level of its transcriptional
effector. As mentioned above, in addition to modulating Hh
signaling, NS1 has a prominent effect of generating of
notches along the wing margin (FIGS. 1C,D). Since Notch
plays a central role in establishing the D/V border of the wing,
expressions of various downstream Notch target genes were
examined. It was found that expression of one such target,
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Cut, was greatly reduced (FIGS. 28,T). Ubiquitous expres-
sion of the constitutively active N-ICD transcriptional cofac-
tor in the wing primordium leads to a corresponding ectopic
pattern of Cut expression (FIG. 2U) and this effect of N-ICD
can also be greatly suppressed by NS1 (FIG. 2V). Thus, as in
the case of the Hh pathway, NS1 alters Notch signaling at the
level of its transcriptional effector.

Example 4

NS1 Activity is Independent of Fused Kinase, Knot,
and Master of Thickveins and the Hh Modulating
Effect of NS1 is not Mediated by Known Host
Effectors

Fused kinase (Fu) is required for converting Ci-155 into an
active yet labile transcription factor, which may be the form
that interacts with NS1 (Ohlmeyer and Kalderon, 1998; Zhou
and Kalderon, 2011). Whether Fused is required for NS1
activity was tested by expressing NS1 in fused mutant wing
discs and analyzed dpp-lacZ expression (FIGS. 8 A, 8B). NS1
still augmented dpp-lacZ expression in these fused mutant
discs indicating that Ci is activated by NS1 by a fused-inde-
pendent pathway.

There is evidence that Hh, acting via Ci activation of Knot/
Col, induces expression of master of thick veins (mtv), a gene
that can modulate the Dpp response at the A/P border (Croza-
tier et al., 2002; Funakoshi et al., 2001). mtv, encodes a
transcription factor that represses expression of the Dpp
receptor, Tkv, reducing further the normal low level of Dpp
signaling at the A/P border. Since, it has been demonstrated
that elimination of Dpp signaling can increase dpp expression
(Haerry et al., 1998) and because expression of mtv-lacZ, like
dpp-lacZ, is increased by NS1(Vn) (FIGS. 8C, 8D), it was
examined whether NS1 activation of dpp expression was a
consequence of a reduction in Dpp signaling mediated by
Knot/Col and/or Mtv. NS1(Vn) was expressed in discs
mutant for kn or in clones of cells mutant for mtv (FIGS.
8E-8G). It was found that NS1(Vn) was still able to upregu-
late the expression of dpp-lacZ, providing that the ability of
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NS1(Vn) to augment dpp expression is independent of the
Knot/Col/Mtv pathway auto-regulatory circuit. The absence
of input from the Fused and Knot/Col/Mtv pathways suggest
that NS1 acts by regulating the activity of Ci**itself (i.e., by
directly and/or indirectly changing its specific activity).

The Hh modulating effect of NS1 is not mediated by
known host effectors. NS1 binds to several known host effec-
tors via specific interaction surfaces. Mutations have been
identified in NS1 that selectively abrogate specific interac-
tions with dsRNA or with its various host target proteins (all
of'which have homologues or closely related genes in Droso-
phila) (Hale et al., 2008). Host factors inhibited by binding to
the NS1 ED include: protein kinase R (PKR), which halts
cellular and viral protein synthesis; the 30 kDa subunit of
cleavage and polyadenylation specificity factor (CPSF30)
and poly(A)-binding protein II (PABII), which are required
for mRNA maturation; and components of the nuclear export
machinery (NXF1, p15, and Rael) (Hale et al., 2008). The
NS1 ED can also bind to the p85p regulatory subunit of
phosphoinositide 3-kinase (PI3K) and, in some strains, Crk/
CrkL. which may act to stimulate proliferation and reduce
apoptosis in virally-infected cells (Hale et al., 2008). In addi-
tion, residues spanning both the RBD and ED of NS1 have
been implicated in temporal regulation of vRNA synthesis
and selective translation of viral mRNAs (Hale et al., 2008).

Whether the NS1-dependent induction of dpp expression
was due to an interaction with any of these known host factors
by mutating the residues essential for those interactions and
expressing the mutated transgenes in flies (Table 1). With
only one exception (ds-RNA binding), none of these muta-
tions altered dpp expression or pMAD staining. Mutations
abolishing dsRNA-binding did reduce NS1 activity as well as
protein levels in several lines. However, higher level of
expression of such NS1 mutant transgenes had similar effects
to the wild-type NS1 and was able to stimulate dpp-lacZ
expression when co-expressed with activated Ci***<, It was
conclude that the Hh inducing activity of NS1(Vn) is not
mediated by host effectors that bind to previously identified
NS1 interaction surfaces.

TABLE 1

Single and multiple amino acid mutations made in different strains of NS1

dpp-lacZ Adult
Known mutations expression Phenotype Reason for change Ref
VoWT +H++ H++
Vi and Ud R38A** + + Eliminates dsRNA binding 1]
Vi G184R +H++ +++ Eliminates binding to CPSF30 2]
VnI123A, M124A +H++ +++ Eliminates binding to PKR [3]
Vi P164A, P167A +H++ +++ Eliminates binding to the p85f 4]
subunit of PI3K
Vn P210A +H++ +++ Mutation of SH3 domain, binding [5]
site to Crk family proteins in
some strains
Vi Splice site mutant +H++ +++ Eliminates NEP fragment
VnAl122V + + Identified in EMS screen
VnAl1221 + + Bulkier, hydrophobic residue at 122
VnAl1228 ++(+) ++(+) Hydrophilic residue at position 122
Vn L105W +++(+) ++(+) Bulkier, hydrophobic residue at
105, on protein surface near A122
Vn L1058 +H++ +++ Hydrophilic residue at 105, on
protein surface near A122
Vn A122V, L105W + + Combine mutations at 105 and 122
Vi M106F +++ +++ Bulkier, hydrophobic residue at
106, on protein surface near A122.
Also a CPSF30 binding site
Vi M106S +H++ +++ Hydrophilic residue at 106, on
protein surface near A122
Vn M106I, F98S ++++ +H++ Changed to PR residues, on
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Single and multiple amino acid mutations made in different strains of NS1

dpp-lacZ Adult
Known mutations expression  Phenotype Reason for change Ref
protein surface near A122
Vn D125E, D189G ++++ ++++ Changed to Swine residues, on
protein surface near A122
PREWT ++++++++  No adults
PR8A122V +H+H++ +H+H++ Verify A122V also reduces PR8
(escapers) effect
PR8 I106M ++++++++  Noadults Changed to Vn residues, on protein
surface near A122
PR8 I106A ++++++++  +++++++  Changed to A as to avoid binding
(escapers) to CPSF30
PR8 I1106M, A122V +++++ +++++ Combined mutations at 106 and
(escapers) 122
PRB I106A, A122V +++++ +++++ Combined mutations at 106 and
(escapers) 122
Swine WT + +
Sw R108K, 1111V, + + Changed to Vn residues, near
V1171 A122
Sw R108K, 1111V, + + Changed to Vn residues, near

V1171, E125D, G189D Al122

Table Legend: Constructs with the indicated mutations in NS1 were expressed in fly wings and evaluated for enhancement
of dpp- lacZ expression and adult wing phenotypes. Phenotypic strength is indicated by the number of “+”’s. The rationale

for the changes and citations, where available, are also listed.
**See Supplemental text for further characterization of NS1 R38A mutant.

[1]. Donelan, N. R., C. F. Basler, and A. Garcia-Sastre, 4 recombinant influenza A virus expressing an RNA-binding-
defective NSI protein induces high levels of beta interferon and is attenuated in mice. J Virol, 2003. 77(24): p. 13257-66.
[2]. Nemeroff, M. E., et al., Influenza virus NSI protein interacts with the cellular 30 kDa subunit of CPSF and inhibits

3'end formation of cellular pre-mRNAs. Mol Cell, 1998. 1(7): p. 991-1000.

[3]. Min, I. Y., et al., 4 site on the influenza A virus NSI protein mediates both inhibition of PKR activation and temporal

regulation of viral RNA synthesis. Virology, 2007. 363(1): p. 236-43.

[4]. Shin, Y. K., et al., SH3 binding motif I in influenza A virus NSI protein is essential for PI3K/A4kt signaling pathway

activation. ] Virol, 2007, 81(23): p. 12730-9.

[5]. Heikkinen, L. S., et al., Avian and 1918 Spanish influenza a virus NSI proteins bind to Crk/CrkL Src homology 3

domains to activate host cell signaling. ] Biol Chem, 2008. 283(9): p. 5719-27.

Example 5

Structural Features of Amino Acid Residue A122 of
NS1 and its Requirement for the Signal Modulating
Activity

Mutations in NS1 residues that abrogate its interactions
with known host effectors did not compromise its activity in
the Drosophila wing (Table 1), nor did co-expression of NS1
with candidate effectors such as PI3K or polyA binding pro-
tein (data not shown). An unbiased mutagenesis screen was
therefore conducted to isolate new mutant alleles of NS1 that
could no longer perform this signaling function. One rever-
tant allele recovered had greatly reduced NS1 activity without
affecting NS1 protein levels (FIG. 30). This NS1 mutant
carried an alanine to valine substitution at position 122
(A122V) (FIGS. 3C,D vs. 3A,B), a highly conserved residue
mapping to the surface of the ED (FIG. 3P).

Substitutions of other amino acids at position 122 indicate
that akey feature of the alanine residue is likely to be the small
size of its side chain (Table 1). Structural features of the
amino acid at position 122 essential for mediating the Hh
modulating activity of NS1 were explored. A change from
alanine to valine is rather subtle with the latter having only a
slightly builder side group, yet remaining hydrophobic. To
test whether the size of the side group was critical, NS1(Vn)
transgenes were expressed in the wing with residues of dif-
ferent size and/or hydrophobicity incorporated into position
122. Isoleucine, a hydrophobic residue with an even bulkier
side group than valine, gave a similar phenotype as A122V
(Table 1). In contrast, a transgene with serine at this position,
which is bulky yet hydrophilic, did not greatly compromise
NS1 function (Table 1). These results suggest that a small
hydrophobic residue at this position is most important feature
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for mediating the Hh modulating activity of NS1 and that
bulkier, hydrophobic residues (i.e. Val or Ile) may sterically
block this binding interface.

The A122V mutation also blocked the ability of NS1(Vn)
to prevent Glil -mediated activation of dpp-lacZ=” expression
(FIG.3M vs. 3N compare to FIGS. 2Q,R), suggesting that the
A122 residue is critical for interacting with Hh pathway
effectors across species. In addition, the A122V mutation
reduced the effect of NS1 on Notch signaling targets (FIG. 9),
suggesting that the same NS1 interaction surface engages
both Hh and N transcriptional effectors.

Example 6

NS1 Activity Varies Significantly Between Viral
Strains

Because different strains of influenza can differ dramati-
cally in virulence, the Hh modulating activity of NS1 was
examined in several viral strains including the standard sea-
sonal Udorn virus, NS1(Ud), the recently emerged swine flu
NS1(Sw), and the murine adapted PR8 virus, NS1(PR8). NS1
transgenes from these strains were expressed with a strong
wing specific driver in order that even low levels of Hh induc-
ing activity could be detected. NS1(Ud) produced wing phe-
notypes similar to those of NS1(Vn) (FIGS. 3E,F), while
NS1(Sw) was significantly weaker (FIGS. 3G,H). NS1(PR8)
was substantially stronger than NS1(Vn) (FIGS. 31,J), but this
activity was also reduced by the A122V mutation (FIGS.
3K,L). Since A122V is conserved between these strains,
mutations in other surface amino acids close to A122 that
differed between high versus low activity forms of NS1 were
made to identify residues that may contribute to NS1 activity
(FIG. 3P and Table 1). These experiments revealed that no
individual or combination of residues contributed signifi-
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cantly to the variable activity between strains, suggesting that
multiple amino acids, possibly encompassing different
regions, contribute incrementally to the activity of NS1.

Example 7

Highly Active NS1(PRS8) Affects a Broader Range of
Hh Targets than NS1(Vn)

As described above, among the viral strains tested, NS1
(PR8) was the most active. In addition, NS1(PR8) altered
expression of Hh target genes that appeared unaffected by
NS1(Vn) (e.g., Col, Ptc, and a narrow anterior En domain)
(FIGS. 5C,G,K). These NS1(PR8)-specific effects included
increased (e.g., dpp-lacZ FIG. 3], Ptc—FIG. 5G) as well as
decreased (e.g., Col, and En, FIGS. 5C K) target gene expres-
sion. As was true for NS1(Vn), NS1(PR8) did not affect the
levels or distribution of Ci-155 protein (FIG. SM-P), provid-
ing further evidence that NS1 alters the specific activity of Ci
rather than its protein stability/level. NS1(PR8) also had a
stronger and broader range of activity than NS1 (Vn), which
involved both repression (Cut) and activation (Gbe-lacZ
reporter) of Notch target genes (FIG. 9). The differences
between NS1(PR8) and NS1(Vn) notwithstanding, incorpo-
ration of the A122V mutation into NS1(PR8) reversed its
effects on all Hh and N target genes, indicating that this single
amino acid is critical for both the positive and negative effects
of NS1 across strains (FIG. 31-L; FIGS. 5D,H,L; FIGS. 9E,J).

Example 8

The NS1 A122V Mutation Increases Influenza
Virulence in Mice

Since the A122V mutation greatly reduced all signal
modulating activities of NS1, its in vivo effect was also tested
in a murine infection model. The PR8 virus was used for these
experiments since NS1(PRS8) is highly active and because
PR8 virulence is independent of CPSF30 binding by NS1, a
requirement for suppression of cellular mRNA maturation in
other strains (Twu et al. 2006; Kochs et al. 2007). This latter
fact was important since the A122V mutation in NS1(Ud),
presumably due to its proximity to the CPSF30 binding site at
M106, reduced this binding interaction (FIG. 10) (however,
that mutations of M106 or G184 which selectively eliminate
CPSF30 binding did not alter NS1(Vn) activity in Droso-
phila—Table 1).

Based on the above considerations, parallel stocks of the
parental PR8 and the PR8-A122V mutant viruses were pre-
pared and infected sibling mice. Both viruses established
comparable infection as assessed by viral titers in lungs and
the range of tissues infected in mice at either two or four days
post infection (FIG. 4A and data not shown), and displayed
similar temporal regulation of viral genes in cell culture (FIG.
11). The NS1 A122V mutation does not alter temporal regu-
lation of influenza genes. It was considered the possibility
that PR8-A122V accelerates activation of the viral gene
expression program since A122 lies in a region of NS1 that
has been implicated in temporal regulation of viral gene
expression (Min et al., 2007). It was found no differences,
however, in the levels of the influenza NP or M proteins
produced in A549 human lung epithelial cells infected with
the wild-type versus PR8-A122V viruses 4 or 8 hours post
infection (FIG. 11). It was concluded that temporal regulation
of'viral genes is unaltered by A122V, and thus is not the cause
for the hastened lethality in PR8-A122V infected mice.
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However, the PR8-A122V virus significantly hastened
lethality of mice compared to the parental PR8 (PR8-WT)
strain in several independent experiments (FIG. 4B,
p<0.0001). PR8-A122V also induced greater signs of mor-
bidity by 3 days post-infection (e.g., reduced mobility,
hunched posture, labored breathing, and pilo-erectus—data
not shown), indicating that the mutant virus is considerably
more pathogenic than the parental strain.

PR8-A122V causes greater damage to the airway epithe-
lium than PR8-WT. Lungs from both PR8-WT and PRS-
A122V infected mice displayed obvious defects in the epi-
thelial layer surrounding the major bronchioles compared to
uninfected control littermates. This airway barrier, which is
the primary site at which influenza initiates infection, is nor-
mally comprised of an organized row of columnar epithelial
cells and an underlying smooth muscle layer (FIG. 4C). The
columnar organization of this epithelial layer was disrupted
by both viruses at two days post-infection, but PR8-A122V
(FIG. 4E) caused significantly greater disorganization and
cell sloughing than PR8-WT (FIG. 4D). Furthermore, the
peribronchial space where cytokine secreting immune cells
congregate upon infection (FIG. 4C-E, parallel lines), was
enlarged in the PR8-A122V infected lungs relative to unin-
fected or PR8-WT infected lungs, indicative of a heightened
immune response. Consistent with these morphological
defects, the levels of several cytokines, in particular IL-6 and
CXCL10 (FIG. 4] and data not shown), were significantly
elevated in animals infected with PR8-A122V relative to
PR8-WT, albeit some factors, such as TNF-a and IL-1p did
not respond differentially to the two viruses (data not shown).
The greater virulence of PR8-A122V relative to PR8-WT is
therefore likely to be a consequence of the greater damage it
inflicts on the airway epithelium, which may include a con-
tribution of the host inflammatory response.

Example 9

Blocking Hh Signaling Decreases Lung Damage
During Influenza Infection

Whether the damage observed in influenza infected lungs
involved the Hh signaling pathway was further investigated.
The expression of BMP2, the mammalian homologue of
Drosophila dpp, was examined in infected airways, and found
that it was strongly upregulated in epithelial cells infected
with PR8-WT compared to uninfected controls, which may
be expected as Hh signaling is part of the immune response
(Crompton et al. 2007) (FIGS. 4C,D). BMP2 staining was
also detected in PR8-A122V infected airways. To determine
whether inhibiting Hh signaling might alter parameters of
infection, animals were treated systemically with the potent
Hh antagonist cyclopamine. It was found that cyclopamine
reduced epithelial damage caused by both PR8-WT and PR8-
A122V, and restored a degree of columnar organization to the
epithelium (FIGS. 4F, H). In contrast, tomatidine, an inactive
analogue of cyclopamine, provided no rescue of airway dam-
age (FIGS. 4G, I). These findings suggest that Hh signaling
contributes to the severity of damage inflicted by the virus.

Example 10
Identification of Novel Signaling Effects of NS1
The present invention identified novel cell non-autono-
mous effects of NS1 on Hh and N signaling in the Drosophila

wing, which act at the level of the transcriptional effectors
(Ci/Glil and N-ICD respectively) of these pathways. The
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effects of NS1 on Hh or N targets genes were either positive
or negative depending on the particular target gene and NS1
strain, although in the case of mammalian Glil, NS1 had a
consistently inhibitory effect. The positive versus negative
effects of NS1 on particular target genes may reflect promoter
specific interactions in which the presence of NS1 can either
stabilize or disrupt important interactions between transcrip-
tion factors and other transcriptional machinery. Importantly,
all effects of NS1 were greatly reduced by a single amino acid
substitution (A122V), while mutations abrogating interac-
tions with several known host effectors involved in viral rep-
lication or suppression of the interferon response had little if
any effect on the signaling function of NS1. These observa-
tions suggest that a novel shared interaction surface of NS1
mediates its effects on components of transcriptional effector
complexes.

Working Model for NS1 Activity in Mice

When the A122V mutation was introduced into the NS1
gene of the mouse adapted PR8 virus, it increased pathoge-
nicity by accelerating death, increasing indices of morbidity,
and producing greater damage to the airway epithelium rela-
tive to the parental wild-type (WT) strain. Mice treated with
the Hh antagonist cyclopamine, but not a related inactive
compound, were partially protected from the effects of influ-
enza infection. To account for these various findings the fol-
lowing working model was provided: 1) as in flies, NS1
inhibits Hh-dependent Glil activity; 2) by inhibiting Hh sig-
naling, which is part of the innate host defense system, NS1 or
cyclopamine protects the host from potentially overly exu-
berant immune responses that could lead to deadly cytokine
storms (see below); 3) by tempering its virulence via NS1
interfering with signaling through the Hh, N, and possibly
other signaling pathways, the influenza virus optimizes its
overall fitness by ensuring that the population through which
it propagates remains intact.

The Hh and N Signaling Pathways are Potential Targets of
Influenza

The Hh and N signaling pathways are plausible targets for
manipulation by pathogens. In the case of Hh, this pathway
has been shown to play an integral role in the immune
response (Crompton et al. 2007). An overly-robust immune
response, or cytokine storm, characterized by an uncontrolled
positive feed-back loop between immune cells and cytokine
production, is thought to have been a cause of many fatalities
during the past influenza pandemics (de Jong et al. 2006;
Kobasa et al. 2007; Cilloniz et al. 2009). It is possible that the
hastened lethality that occurs in A122V virus infected ani-
mals is similarly due to an unrestrained immune response
unleashing such cytokine storms. Indeed, levels of several
cytokines were significantly higher in animals infected with
PR8-A122V relative to PR8-WT, suggesting influenza could
be able to limit the occurrence of such uncontrolled host
responses via NS1 thereby improving host prognosis.

Decreasing Hh or N signaling by influenza may also limit
damage to the infected tissue. Hh signaling has been shown to
be induced in the lung by damage caused by chemical agents
and many types of ailments (Stewart et al. 2003; Fisher et al.
2005; Pogach et al. 2007). Furthermore, expression of the Hh
receptor, Ptc, is induced on infiltrating and circulating lym-
phocytes suggesting that immune cells are primed to respond
to the Hh ligand secreted from the inflamed area (Stewart et
al. 2003). These studies suggest a key role for Hh in repairing
damaged lung tissue by remodeling the epithelium through or
in conjunction with activated immune cells. However, too
much remodeling by overactive signaling pathways (e.g. Hh,
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Wnt, PI3K, and TGF-f) can lead to the formation of detri-
mental fibrotic tissue (Selman et al. 2008). In the case of
influenza infection, Hh can be activated to help repair the
damaged lung epithelium, but its restricted activation by NS1
may prevent tissue fibrosis. Similar to what is shown for the
affect of influenza on the lung, blocking Hh signaling with
potent antagonists can often limit the extent of damage in
other distressed tissue types as well (Pereira Tde et al. 2010;
Philips et al. 2011; Horn et al. 2012).

N signaling has also been implicated in several aspects of
innate and adaptive immunity forming an important bridge
between antigen presenting cells and T-cell activation circuits
(Ito et al. 2012). Indeed, increased expression of the Notch
ligand Delta-like 1 (DI11) has been observed in macrophages
following challenge with influenza virus. Interestingly, this
viral induced upregulation of D111 was protective to the host
in that manipulations that reduced expression of this Notch
ligand enhanced mortality during infection (Ito et al. 2011).

In conclusion, the data provides an example of a virus
taking adaptive measures to diminish its virulence to sustain
host viability. This action of NS1 is reminiscent of the well-
known Australian effort to curb the levels of their imported
rabbit population by infecting them with myxoma virus.
While this virus initially decimated the rabbit population,
animal numbers soon rebounded, albeit not to their prior
levels. It has been suggested that this population equilibration
is due to a combination of increased host resistance and
reduced viral virulence relative to the original infecting
strain, although the precise host and/or viral genes involved in
this process have not been elucidated (Stanford et al., 2007).
Thus, well adapted viruses may tune their virulence during
the course of establishing a stable homeostatic relationship
with their hosts, as could be the case for influenza A via its
strain-specific interactions with the host Hh and N signaling
pathways.
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What is claimed is:

1. A method for treating influenza viral infection compris-
ing administering to a subject in need an effective amount of
acomposition comprising a pharmaceutically acceptable car-
rier and a compound that modulates at least one host protein
that interacts with NS1 viral protein, and is an antagonist of a
Hedgehog (Hh) signaling pathway, wherein the compound is
vismodegib.

2. The method of claim 1, wherein said composition is used
in combination with one or more other therapeutic agents
known for preventing or reducing severity of influenza viral
infection, or associated syndromes thereof.
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